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The  utilization  of  biomass  as  a  renewable  source  of  energy  is  important  from  the  energetic  as  well  as  the 
environmental  viewpoint.  It  can  reduce  the  rate  of  fossil  fuel  depletion  caused  by  the  rapid  increase  in 
energy  consumption.  This  paper  presents  an  estimation  of  the  biomass  and  its  potential  energy  in  Egypt. 
Four  main  types  of  biomass  energy  sources  are  included:  agricultural  residues  (dedicated  bioenergy  crop 
residues),  municipal  solid  wastes,  animal  wastes,  and  sewage  sludge.  The  potential  biomass  quantity  and 
its  theoretical  energy  content  were  computed  according  to  statistical  reports,  literature  reviews,  and 
personal  investigations.  The  results  show  that  Egypt  produces  a  considerable  amount  of  biomass  with  a 
total  theoretical  energy  content  of  416.9xl0* 1 2 3 4 * * * * * * * * * * 15J.  The  dry  biomass  produced  from  bioenergy  crop  residue 
sources  has  been  estimated  at  about  12.33  million  tons/year,  of  which  63.75%  is  produced  from  rice 
straw.  This  source  represents  the  highest  percentage  (44.6%)  of  the  total  theoretical  potential  energy  in 
Egypt,  followed  by  municipal  solid  wastes,  which  could  produce  41.7%  from  an  annual  amount  of  34.6 
million  tons.  Meanwhile,  the  rest  of  the  total  theoretical  potential  energy  could  be  produced  from  animal 
and  sewage  wastes.  The  estimated  biomass  with  its  considerable  potential  energy  content  represents  an 
important  renewable  energy  source  in  Egypt. 
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1.  Introduction 

Widespread  and  massive  consumption  of  fossil  fuels  has  led  to 
rapid  economic  growth  in  advanced  industrial  societies  but  has 
also  increased  carbon  dioxide  in  the  atmosphere  and  consequently 
caused  global  warming  and  climate  change.  Renewable  energy 
sources  should  replace  fossil  fuels  fundamentally  and  structurally; 
they  are  receiving  worldwide  attention  and  will  play  an  important 
role  in  meeting  the  future  needs  of  the  world  [1,2],  Renewable 
energy  sources  are  natural  resources  such  as  sunlight,  wind, 
biomass,  and  geothermal  heat,  which  are  naturally  replenished. 
Based  on  factors  such  as  the  availability  and  choice  of  technologies 
in  Egypt,  Khalil  et  al.  [3]  positioned  wind  energy  and  solar  water 
heating  as  leading  renewable  energy  technologies  in  power  gen¬ 
eration,  followed  by  biomass  technology. 

Biomass  represents  an  important  source  of  energy  which 
includes  a  large  variety  of  different  fuels  with  different  chemical 
compositions  and  combustion  characteristics.  Its  utilization  as  a 
source  of  energy  is  important  from  an  energetic  as  well  as  an 
environmental  viewpoint  [4,5],  Unlike  coal,  C02  emissions  from 
biomass  are  negated  by  the  photosynthetic  contribution  during 
the  growth  cycle  of  biomass,  resulting  in  a  net  zero  impact  on 
the  environment  [6,7],  Moreover,  biomass  reduces  the  rate  of 
fossil  fuel  depletion  and  has  the  theoretical  potential  to  supply 
100%  of  the  world's  energy  needs  [2,8]. 

Due  to  the  vital  role  played  by  the  energy  sector,  energy  demand  is 
increasing  in  direct  proportion  to  the  increase  in  population  and 
industrial  development  to  satisfy  technological  needs  and  the  devel¬ 
opment  of  lifestyles  in  Egypt.  Primary  energy  demand  has  grown  at  an 
average  annual  rate  of  4.64%  during  the  last  years  [9].  Securing  energy 
supply  on  a  continuous  basis  is  a  vital  element  for  sustained  devel¬ 
opment  plans,  and  Egypt,  as  a  country  of  limited  fossil  fuel  resources 
as  well  as  growing  demand  for  electrical  energy,  has  given  due 
consideration  to  the  diversification  of  its  energy  portfolio  by  utilization 
of  its  renewable  energy  resources  [10]. 

In  Africa,  about  half  of  the  energy  used  originates  from 
biomass  or  agricultural  residues  [11],  A  study  by  Smeets  et  al. 
[12]  projected  that  Africa  has  the  largest  potential  for  bioenergy 
production  by  2050  in  the  world:  317  exajoules  (EJ)  per  year, 
which  could  constitute  a  quarter  of  the  projected  total  world 
potential  (1272  EJ  per  year).  In  this  sense,  during  the  last  decade, 
Egypt  has  been  one  of  the  developing  countries  following 
successful  programs  for  the  development  of  renewable  energy 
resources  [13],  It  produces  millions  of  tons  of  biomass  waste 
every  year,  which  could  contribute  more  than  151  PJ  (peta- 
joules)  of  primary  energy  [14],  but  nowadays  these  wastes  are 
causing  pollution  and  health  problems  [2 ] ;  in  consequence,  the 
incorporation  of  biomass  with  other  renewable  energy  sources 
will  increase  the  potential  for  solving  energy  and  environmental 
problems. 

However,  there  have  been  insufficient  investigations  regarding 
the  production  of  biomass  in  Egypt  and  an  analysis  of  existing  and 
potential  biomass  sources  will  be  required  well  before  the 
start-up  of  large-scale  production  of  bioenergy  from  this  renew¬ 
able  fuel.  As  a  consequence,  a  quantitative  appraisal  of  biomass 
resources  and  their  energy  potential  in  Egypt  represents  the  main 
objective  of  this  study. 


2.  Energy  situation  in  Egypt 

2.3.  Geography,  climate,  and  energy  balance  in  Egypt 

Egypt  forms  the  northeast  corner  of  Africa  and  covers  a  total 
area  of  almost  one  million  Km2  (Fig.  1)  [15].  It  has  hot  and  dry 
weather  in  summer  and  a  warm  winter  with  average  rainfall  of 
50  mm/year.  The  inhabited  part  of  Egypt  is  the  1000  km  valley 
from  Aswan  to  Alexandria,  flanked  by  desert  [16].  According  to  the 
Central  Agency  for  Public  Mobilization  and  Statistics  (CAPMS)  [17], 
Egypt  has  an  estimated  population  of  about  83  million  in  2013. 

The  energy  sector  plays  a  major  role  in  Egypt's  economic 
development.  The  primary  energy  resources  and  production  in 
Egypt  are  shown  in  Fig.  2.  It  is  clear  that  crude  oil  is  the  most 
important,  representing  53.11%  of  the  total  resources.  Electricity 
from  the  High  Dam  in  Aswan  accounts  for  a  share  of  about  5%  and 
natural  gas  accounts  for  41.89%  of  the  total  resources.  On  the  other 
hand,  primary  production  of  coal  accounts  for  only  1.6  PJ,  and 
Egypt  has  to  import  coal.  The  sectoral  energy  consumption  in 
Egypt  is  summarized  in  Fig.  3.  The  industrial  sector  accounts  for 
about  46%  of  consumption,  representing  the  highest  value  of 
energy  consumption  among  the  sectors  [18], 

Production  of  crude  oil  continues  to  decline  despite  new 
discoveries  and  improvements  in  oil  recovery  techniques  at 
mature  fields.  Its  production  had  fallen  from  740  thousand  barrels 
per  day  (bbl/day)  in  2004  to  680  thousand  bbl/day  in  2009.  On  the 


gases 

Fig.  2.  Primary  energy  resources  production  and  consumption  in  Egypt  [18]. 
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Fig.  3.  Sectoral  consumption  of  primary  energy  in  Egypt  [18]. 
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Fig.  5.  Electrical  energy  consumption  by  sector  in  the  year  2007  [22]. 
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Fig.  4.  Electrical  energy  production  and  consumption  (a),  and  imports  and  exports 
by  year  (b)  [19], 


of  electrical  energy  consumption  and  production,  whose  values 
doubled  over  the  last  decade,  can  be  clearly  observed.  The  large 
increase  in  demand  across  all  sectors  is  leading  to  high  electricity 
generation  growth  rates.  It  has  been  forecast  that  electricity 
consumption  will  reach  250  TWh  by  2020  [21]. 

Fig.  5  presents  the  electrical  energy  consumption  by  sector  for 
the  year  2007  as  a  percentage  of  the  total  electrical  energy 
consumption  in  Egypt  [22].  The  data  in  the  figure  show  that  the 
residential  and  industrial  sectors  account  for  the  major  parts  of 
electrical  energy  consumption  in  Egypt:  about  36.9%  and  35.1%  of 
electrical  energy  consumption,  respectively.  Together,  the  rest  of 
the  sectors  account  for  only  about  28%  of  total  electrical  energy 
consumption. 


3.  Biomass  resources  in  Egypt 

There  is  good  potential  for  the  utilization  of  biomass  energy 
resources  in  Egypt.  Biomass  resources  are  currently  used  ineffi¬ 
ciently,  particularly  agricultural  residues,  which  are  combusted  in 
open  fire  stoves  in  villages  [13].  However,  real  environmental 
benefits  of  biomass  utilization  can  be  achieved  through  large-scale 
application  of  biomass-based  fuel  to  generate  energy  [23].  Conse¬ 
quently,  Egypt  has  recently  adopted  an  ambitious  plan  to  produce 
20%  of  its  generated  electricity  using  renewable  energy  resources 
by  2020  [10].  Biomass  resources  have  been  estimated  in  this  study 
based  on  agricultural  residues,  animal  wastes,  sewage  wastes,  and 
solid  wastes.  The  results  are  summarized  in  the  subsections 
presented  below. 


other  hand,  its  consumption  increased  from  590  thousand  to  683 
thousand  bbl/day  over  the  same  years,  making  the  country  a  net 
importer  of  oil.  In  contrast,  natural  gas  production  continued  to 
rise  from  32.56  billion  m3  in  2004  to  62.69  billion  m3  in  2009 
while  its  consumption  increased  from  31.46  to  44.37  billion  m3 
over  the  same  years,  and  the  country  became  a  major  exporter, 
with  its  natural  gas  exports  being  estimated  at  18.3  billion  m3  in 
2009.  The  proven  reserves  of  natural  gas  in  2011  were  2.2  trillion 
m3  and  there  is  growing  concern  among  some  experts  that 
Egypt's  gas  reserves  could  be  depleted  as  early  as  2020,  after 
which  the  country  could  face  a  deficit  between  consumption  and 
production  [19]. 

2.2.  Electrical  energy  in  Egypt 

Electrical  demand  and  consumption  are  growing  rapidly  in 
Egypt.  As  new  industrial/residential  cities  and  tourist  complexes 
are  built  and  the  standard  of  living  improves,  demand  for 
electricity  is  increasing  at  a  faster  rate  than  overall  economic 
growth  [20].  Fig.  4a  shows  electrical  energy  production  and 
consumption  from  2000  to  2012,  while  imports  and  exports  of 
electrical  energy  are  shown  in  Fig.  4b.  The  rapidly  increasing  rates 


3.1.  Agricultural  residues 

Agricultural  residues  are  the  amount  of  crop  that  remains  after 
the  collection  of  the  main  product.  Residues  depend  upon  a  wide 
range  of  local  conditions  and  the  primary  factors  influencing  the 
amount  of  crop  residue  are  the  type  and  variety  of  crops  planted 
and  their  yields  [24].  The  effective  total  cultivated  area  is  around 
6.09  million  ha  annually  [25]  and  approximately  3.444  million  ha 
of  land  are  cultivated  in  Egypt,  yielding  crops  two  or  three  times  a 
year.  Therefore,  Egypt  produces  millions  of  tons  of  agricultural 
wastes  every  year  [2,26,27],  contributing  to  about  50%  of  the  total 
biomass  potential  [28], 

Over  27  million  tons  of  crop  residues  were  generated  in  2003  [29]. 
Types  of  crop  residues  and  their  estimated  quantities  and  percen¬ 
tages  in  relation  to  the  total  residue  generation  are  listed  in 
Table  1.  Wheat  straw  is  the  most  abundant  residue,  followed  by 
maize,  rice  straw,  and  sugar  cane  residues,  respectively.  Actual  crop 
residue  generation  may  vary  by  10-15%  or  more  in  any  given  year. 
Table  1  lists  the  quantity  and  percentage  of  each  crop  residue  utilized 
during  the  year  2004.  At  least  77.8%  of  the  crop  residues  are 
reutilized  for  various  purposes  other  than  for  energy  generation,  as 
shown  in  Table  2. 
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Nationally,  unutilized  crop  residues  are  estimated  to  amount 
between  4.422  and  5.684  million  tons.  The  largest  amount  of 
unused  crop  residue  is  rice  straw,  by  a  wide  margin  [29],  followed 
by  cotton  stalks.  Hamdy  [30]  mentioned  that  about  52%  of 
agricultural  residues  are  burnt  directly  on  the  fields  or  in  ineffi¬ 
cient  burners  (with  less  than  10%  efficiency)  in  small  villages.  Both 
methods  result  in  loss  of  energy  as  well  as  negative  impacts  on  the 
environment.  Moreover,  traditional  storage  in  farms  and  on  roofs 
provides  a  large  opportunity  for  insects  and  other  disease  carriers 
to  grow  and  attack  humans,  animals,  or  new  crops  [5[.  The  burning 
of  crop  residues  is,  however,  practiced  by  farmers,  despite  legal 
requirements  [29]. 

3.2.  Animal  wastes 

Animal  wastes  are  another  form  of  biomass  used  for  energy 
generation.  The  amount  of  animal  waste  residue  depends  on  the 
animal  type,  size,  and  population  density  for  each  location  [24]. 

Large  amounts  of  animal  wastes  are  produced  in  Egypt. 
The  total  cattle  herd  (including  domesticated  buffalo)  in  2009 
was  estimated  at  about  6.248  million  head  [31  ].  Table  3  shows  that 
the  total  amount  of  cattle  (buffalo  and  cow)  manure  is  about 
10.5  million  tons/year  [5,30],  representing  the  majority  of  animal 
waste. 

The  uncontrolled  handling  and  storage  of  manure  causes  loss  of 
organic  matter  and  also  pollution  problems.  Hamdy  [30]  men¬ 
tioned  that  about  60%  of  cattle  waste  is  used  as  fuel  by  direct 
burning  in  low  efficiency  burners  (less  than  10%);  another  20%  of 
the  animal  waste  is  used  as  organic  fertilizer,  and  the  rest  is  lost  in 
handling.  From  the  overview  given  in  Table  3,  it  can  be  concluded 
that  cattle  manure  has  the  greatest  potential  to  be  used  as  a  source 
of  clean  energy  and  organic  fertilizer.  It  can  also  be  concluded  that 
sustainable  treatment  of  such  resources  is  of  vital  concern  for 
Egypt  [5[. 

Table  1 

Estimated  crop  residue  generation  and  utilization  in  Egypt  during  the  year  2004 
[29], 

Types  of  residues  Residue  generation  Total  utilization 

(per  year)  (per  year) 


(1000 1)  Percentage  (1000 1) 

Percentage 

(%) 

(%) 

Wheat  straw 

8212 

30 

8130 

99 

Rice  straw 

4968 

18.2 

1900 

38.2 

Maize  residue 

6655 

24.3 

5657-6322 

85-95 

Sorghum  stalks 

1272 

4.6 

1208 

95 

Barley  straw 

212 

0.8 

196 

92.5 

Cotton  stalks 

1252 

4.6 

626 

50 

Sugar  cane  residue 

4793 

17.5 

3830 

80 

Total 

27,364 

100 

21,284-21,949 

77.8-80.2 

Table  2 

Major  uses  of  crop  residues  [29], 


Crop  residue  Use 


Wheat  straw 

Animal  feed 

Rice  straw 

Composting,  animal  bedding,  vegetable  storage, 
animal  feed  following  treatment  with  urea  or 
ammonia,  and  manufacture  of  construction 
products 

Maize  residues 

Animal  feed  and  fuel 

Sorghum  stalks 

Animal  feed  and  fuel 

Barley  straw 

Animal  feed 

Cotton  stalks 

Fuel 

Sugar  cane  residues 

Animal  feed,  building  material,  industrial  fuel, 
and  paper  manufacture 

Table  3 

Total  production  of  animal  wastes  in  Egypt  [5,30], 


Animal 

Total  waste  (lOOOt/year) 

Cows 

5403 

Buffaloes 

5097 

Horses,  asses,  mules,  and  camels 

2348 

Sheep  and  goats 

729 

Chickens,  ducks,  and  turkeys 

<i 

Total 

13,578 

3.3.  Sewage  waste 

The  sludge  waste  from  urban  and  industrial  sewage  treatment 
plants  comprises  residuals  that  have  serious  effects  on  the  envir¬ 
onment.  Due  to  the  increasing  population  density  and  the  cur¬ 
rently  low  capacity  for  wastewater  treatment  prevailing  in  Egypt,  a 
future  increase  in  the  number  and  capacity  of  wastewater  treat¬ 
ment  plants  (WWTPs)  can  be  expected.  As  a  consequence,  the 
amount  of  sewage  sludge  produced  is  also  expected  to  increase. 

Based  on  population  studies  and  rates  of  water  consumption, 
the  total  wastewater  flows  generated  by  all  governorates  in  Egypt, 
assuming  full  coverage  by  wastewater  facilities,  were  estimated  by 
Lasheen  and  Ammar  [32]  at  about  3.5  billion  m3/year.  Approxi¬ 
mately  1.6  billion  m3/year  is  treated,  and  additional  treatment 
plant  capacity  equivalent  to  1.7  billion  m3  is  planned  by  the  year 
2017.  Depending  on  the  currently  applied  treatment  technology, 
the  amount  of  sewage  sludge  produced  in  Egypt  was  estimated  at 
around  2  million  tons/year  of  dry  sludge  in  2008  [33]. 

For  many  years,  the  methods  and  technologies  implemented 
for  sewage  sludge  treatment  in  Egypt  were  very  limited.  Recently, 
the  application  of  anaerobic  digestion  technology  for  sludge 
stabilization  and  power  generation  was  applied  in  Al  Gabel  Asfer 
WWTP.  Windrow  composting  of  dried  sewage  sludge  is  another 
type  of  sludge  treatment  that  has  been  recently  applied  in  Egypt, 
having  been  already  applied  in  the  Al  Berka  WWTP  in  Cairo  and 
the  (9N)  site  in  Alexandria.  These  WWTPs  are  the  largest  centra¬ 
lized  wastewater  treatment  plants  in  Egypt  and  produce  more 
than  50%  of  the  total  dry  sewage  sludge  produced  in  all  of  Egypt’s 
WWTPs.  The  dried  sludge  from  these  plants  is  mainly  reused  in 
agriculture.  About  0.66  million  tons  of  the  dried  sewage  sludge 
were  sold  to  farmers  in  2007,  representing  more  than  85%  of  the 
total  sewage  sludge  produced  by  all  WWTPs  in  Egypt  [33], 

3.4.  Municipal  solid  wastes 

Municipal  solid  wastes,  which  comprise  garbage,  originate 
from  residential,  commercial,  and  institutional  sources  as  well  as 
construction,  demolition,  and  municipal  services  [34].  In  general, 
the  more  urbanized  the  area  is,  the  higher  the  amount  of  waste 
generation  per  capita  [35].  A  positive  correlation  exists  between 
increased  welfare  and  generation  of  municipal  waste  [24]. 

Egypt  generated  an  estimated  15.3  million  tons  of  municipal 
solid  waste  in  2001,  of  which  approximately  75%  was  generated  in 
urban  centers  [36],  According  to  the  Central  Agency  for  Public 
Mobilization  and  Statistics,  the  estimated  municipal  solid  waste 
generated  in  Egypt  reached  about  34.6  million  tons  in  2007. 

The  typical  composition  of  municipal  solid  waste  in  Egyptian 
cities  is  shown  in  Table  4,  where  organic  waste  is  the  main 
component,  representing  60%  of  the  waste  produced  [16,25,35], 
Eleven  percent  of  the  material  is  denoted  as  “other”  and  mainly 
includes  construction  and  demolition  debris  and  hazardous  waste. 

Between  30%  and  50%  of  the  municipal  solid  waste  generated  in 
developing  countries  is  usually  left  unattended  on  the  streets  or 
vacant  land  plots  [37,38].  In  this  sense  the  quantity  of  uncollected 
solid  wastes  in  different  governorates  in  Egypt  reached  a  total  of 
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25  million  m3  by  2004  [39].  Landfilling  and  incineration  have 
recently  been  introduced  in  Egypt  as  more  environmentally  sound 
solid  waste  treatment  techniques  [25].  Sanitary  landfilling  is 
usually  the  lowest-cost  option,  as  long  as  the  required  landfill 
area  is  available.  There  are  no  landfill  regulations  or  standards 
that  provide  a  basis  for  compliance  and  monitoring;  however 
national  guidelines  for  these  standards  are  being  prepared  by  the 
EEAA.  The  practice  of  sanitary  landfilling  is  still  in  its  infancy  in 
Egypt  [16]. 

4.  Theoretical  energy  potential  from  biomass  in  Egypt 

The  information  presented  in  the  previous  section  has  shown 
the  high  biomass  production  in  Egypt,  based  on  agricultural 
residues,  animal  waste,  sewage  waste,  and  solid  waste.  These 
could  be  used  to  produce  bioenergy,  reducing  fossil  fuel  consump¬ 
tion  and  also  improving  the  environment  as  a  safe  method  of 
waste  disposal.  The  theoretical  energy  potential  from  biomass  in 
Egypt  has  been  analyzed  in  this  study.  The  results  are  summarized 
in  the  subsections  below. 

4.1.  Theoretical  energy  from  agricultural  crop  residues 

To  estimate  the  theoretical  energy  potential  of  crop  residues, 
according  to  Klass  [40],  several  parameters  are  necessary:  theore¬ 
tical  annual  crop  production,  annual  theoretical  residue  produc¬ 
tion,  availability,  and  dry  weight.  The  collectible  dry  residue  or  dry 
biomass  ( Db )  is  the  theoretical  biomass  production  in  terms  of 
weight.  It  is  determined  by  Eq.  (1)  for  a  given  crop.  In  this 
mathematical  expression,  Acp  is  the  theoretical  annual  crop  pro¬ 
duction  in  tons,  r  is  the  residual  factor  that  gives  the  total  mass  of 
residue  when  multiplied  by  the  total  country  yield  for  that  crop 
generated,  a  is  the  availability  factor  or  availability  of  collectible 
crop  residues  as  waste  biomass,  and  w  is  the  dry  weight  factor 
expressed  as  a  percentage. 

Db  =Acp  x  r  x  a  x  w  (1) 

Table  5  shows  agricultural  crop  production  and  dry  biomass 
according  to  Eq.  (1 )  based  on  agricultural  crop  production  in  Egypt 
for  the  year  2007  according  to  CAPMS  [17].  The  residue  factor  (r) 


Table  4 

Typical  composition  of  municipal  solid  wastes  in 
Egyptian  cities  [16,35], 


Waste  composition 

Percentage  (%) 

Organic  waste 

60 

Paper 

10 

Plastic 

12 

Glass 

3 

Metals 

2 

Textiles 

2 

Other 

11 

and  availability  factor  (a)  have  been  considered  following  Klass  [40]. 
The  highest  theoretical  diy  biomass  production  corresponded  to  rice 
(7.86  million  tons/year). 

4.2.2.  The  potential  energy  content 

The  potential  energy  content  of  the  collectible  dry  residue  (Pe) 
has  been  calculated  using  Eq.  (2)  [40],  where  Db  is  the  amount  of 
residue,  Oc  its  organic  content  expressed  as  a  percentage,  and  HHV 
the  higher  heating  value  of  the  organic  material. 

Pe=  DbxOcx  HHV  (2) 

Table  5  also  shows  the  potential  energy  from  biomass  accord¬ 
ing  to  Eq.  (2);  the  organic  content  (%)  and  HHV  (18.6  GJ/dry  tons) 
have  been  determined  according  to  Klass  [40]. 

Although  wheat  straw  represents  the  highest  amount  among 
the  crop  residues  and  has  considerable  biomass  and  energy 
content,  it  was  excluded  from  the  mathematical  analysis  because 
99%  of  it  is  used  as  animal  feed.  Barley  straw  was  also  excluded 
from  the  analysis  because  it  is  generated  in  low  quantities  and  is 
mainly  used  as  animal  feed  (Tables  1  and  2).  So  in  this  study, 
wheat  and  barley  straw  have  not  been  included  as  suitable 
candidates  for  crop  energy  production  in  Egypt. 

The  analysis  indicates  that  a  total  of  12.33  million  tons/year  of 
dry  biomass  could  produce  a  theoretical  energy  of  185.75  PJ/year. 
The  biomass  that  could  give  the  highest  theoretical  energy 
production  is  rice  (113.99  PJ/year).  The  rest  of  the  crops  include 
biomass  with  considerably  lower  potential  energy  content. 

4.2.2.  Potential  energy  of  some  residues  in  different  forms 

Considering  the  important  role  of  biomass  for  energy  produc¬ 
tion  and  its  increasing  importance  in  the  transport  sector,  studies 
on  biomass  utilization  and  the  production  of  bioenergy  and 
biofuels  should  be  undertaken.  In  Egypt,  transportation  fuels 
represent  around  30.5%  of  the  total  fuel  energy  consumption. 
The  availability  of  high  energy  materials  in  Egypt  suggests  that 
biofuel  (especially  ethanol)  is  highly  feasible  if  there  is  access  to 
proper  low-cost  conversion  and  fermentation  technologies  [41], 
The  use  of  lignocellulosic  biomass  residues  as  feedstocks  (i.e. 
starting  material)  allows  a  substantial  increase  in  the  fuel  ethanol 
production  capacity  and  a  reduction  in  the  cost  of  ethanol 
production  to  a  competitive  level  [42].  Rice  straw,  maize  residues 
and  sugar  cane  residues  are  the  most  abundant  lignocellulosic 
agriculture  wastes  produced  in  Egypt  and  the  most  suitable 
candidates  for  biofuel  production  [41]. 

Table  6  shows  the  theoretical  ethanol  yield  and  energy  content 
from  rice  straw,  maize  residues,  and  sugar  cane  residues;  the 
theoretical  ethanol  yield  and  the  energy  content  of  bioethanol 
(19.6  MJ/L)  have  been  calculated  according  to  Aly  and  Megeed  [41], 
The  total  theoretical  energy  content  of  ethanol  from  these  residues  is 
about  94.8  PJ/year.  Rice  straw  represents  the  highest  value  among 
these  residues,  accounting  for  about  67.5%  of  the  total  energy 
content.  So,  it  is  considered  the  most  important  of  such  residues 
and  can  be  used  as  a  clean  fuel  to  decrease  the  dependence  on  crude 


Table  5 

Theoretical  agricultural  crop  production,  dry  biomass,  and  potential  energy  in  Egypt,  calculated  according  to  estimated  crop  production  in  2007. 


Crop 

Production  (A^) 
(1000  t/year) 

Residue  factor  (r) 

Available  factor  (a) 

Dry  weight  %  (w) 

Dry  biomass  (Db) 
(million  tons/year) 

Organic  content  (Oc)% 

Energy  content  ( Pe ) 
(PJ/year) 

Sugar  cane 

16,656 

0.52 

1.00 

20 

1.73 

84 

27.06 

Rice 

6868 

1.43 

1.00 

80 

7.86 

78 

113.99 

Maize 

5572 

1.10 

0.60 

53 

1.95 

90 

32.63 

Sorghum 

827 

1.57 

0.64 

40 

0.33 

84 

5.19 

Cotton 

621 

2.45 

0.60 

50 

0.46 

81 

6.88 

Total 

12.33 

185.75 
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oil  in  the  transportation  sector  and  to  provide  an  environmentally 
safe  technology  for  the  straw  disposal.  Not  only  ethanol  but  also 
other  different  forms  of  bioenergy  can  be  recovered  by  biochemical 
conversion  of  rice  straw  through  different  available  techniques,  such 
as  biogas  from  anaerobic  digestion,  syngas  through  gasification,  or 
bio-oil  from  pyrolysis  [43-45]. 

The  potential  energy  based  on  the  estimated  amount  of  rice 
straw  biomass  has  been  estimated  in  the  forms  of  bio-oil,  syngas, 
and  biogas.  The  bio-oil  yield  (68%  of  straw  weight)  and  its  heating 
value  (19  MJ/kg  oil)  have  been  taken  from  Jung  et  al.  [43],  while 
the  syngas  yield  (1.84  m3/kg  straw)  and  its  heating  value  (6.01  MJ/m3 
gas)  have  been  found  according  to  Lyang  et  al.  [44],  The  heating  value 
for  biogas  (6.81  MJ/Kg  straw)  was  estimated  according  to  Summers 
[45],  The  estimated  values  of  potential  energy  from  bio-oil,  syngas, 
and  biogas  were  101.55,  86.92,  and  53.53  PJ/y,  respectively.  So, 
pyrolysis  is  the  best  technique  for  recovering  energy  from  rice  straw, 
followed  by  gasification,  biochemical  conversion,  and  finally  anaero¬ 
bic  digestion. 

4.2.  Theoretical  energy  from  animal  waste 

Animal  waste  has  been  mainly  used  as  fertilizer  [46-48]; 
however  the  anaerobic  digestion  of  manure  is  known  to  have 
the  potential  to  produce  energy  [49].  This  technology  has  the 
potential  to  solve  waste-handling  problems  while  producing 
renewable  gas,  electricity,  heat,  and  also  fertilizer  [50]. 

Using  Xuereb's  conversion  factor  of  130MJ/gal  [51]  moreover, 
Cooper  and  Laing  [52]  estimated  that  the  energy  (biogas)  pro¬ 
duced  annually  from  a  single  head  of  cattle  is  equal  to  50  gallons  of 
gasoline,  and  taking  into  account  the  total  cattle  population  in 
Egypt  as  indicated  above  (6.248  million  head  of  cattle),  the 
theoretical  total  potential  is  40.61  PJ  of  energy,  which  equals 
approximately  half  the  amount  of  bioethanol  energy  that  would 
be  produced  from  lignocellulosic  residues  in  Egypt. 

4.3.  Theoretical  energy  from  sewage  sludge 

With  improved  control  and  treatment  of  industrial  wastewater, 
sewage  sludge  can  be  utilized  as  a  valuable  fertilizer  and  soil 
conditioner  as  well  as  for  energy  production  by  collecting  methane 
from  sludge  digestion,  which  can  generate  electricity  in  a  second¬ 
ary  step  [32,53]. 

In  this  study,  theoretical  electrical  generation  from  1  kg  of  dry 
sewage  sludge  has  been  calculated  as  0.78  kWh/kg  of  dry  sludge, 
assuming  that  the  quantity  of  digested  gas  obtained  during  the 
anaerobic  digestion  is  1  m3/kg  of  volatile  solids  destroyed  and  the 
lower  heating  value  of  the  digested  gas  is  approximately 
6.22  KWh/m3  [33], 

Considering  the  theoretical  sewage  sludge  production 
explained  in  Section  3.3  (2  million  tons  of  dry  sludge),  the 
estimated  annual  theoretical  electrical  energy  generated  from 
0.78  KWh/kg  of  dry  sludge  is  about  1560  GWh.  The  average 
calorific  value  used  in  the  energy  calculation  for  sewage  sludge 
is  2000  Real/  kg  dry  matter  [14].  The  potential  energy  from  sewage 


Table  6 

Ethanol  production  and  its  energy  content  from  lignocellulosic  biomass  in  Egypt. 


Lignocellulosic 
biomass  waste 

Dry  biomass 
(million  ton/ 
year) 

Ethanol 
yield  (L/dry 
ton) 

Ethanol 
production 
(million  L/year) 

Energy 

content 

(PJ/year) 

Rice  straw 

7.86 

416 

3269.76 

64.0 

Sugar  cane 
residues 

1.73 

424 

733.52 

14.4 

Maize  residues 

1.95 

428 

834.60 

16.4 

Total 

11.54 

4837.88 

94.8 

sludge  in  Egypt  can  be  estimated  as  about  16.74  PJ  based  on  the 
indicated  amount  of  sewage  sludge  and  its  average  calorific  value. 
Despite  its  minor  energy  content,  it  may  contribute  to  an  observed 
amount  of  the  energy  used  to  operate  the  WWTP  that  produces 
this  sludge. 

Energy  production  from  sewage  sludge  is  fairly  well  developed 
in  Egypt.  For  example  Al-Gabel  Al-Asfer  WWTP  is  the  biggest 
wastewater  treatment  plant  in  Egypt,  having  a  current  sewage 
treatment  capacity  of  1.8  million  m3/day,  which  will  be  increased 
to  3  million  m3/day  in  2020.  The  application  of  anaerobic  digestion 
technology  for  sludge  stabilization  and  power  generation  in 
Al-Gabel  Al-Asfer  WWTP  has  achieved  good  results  and  consider¬ 
able  experience  of  operation  and  maintenance  has  been  gained.  A 
large  portion  of  the  biogas  produced  is  currently  used  for  the 
operation  of  hot  water  boilers,  which  are  used  to  heat  the  raw 
sewage  sludge  in  the  primary  digesters.  Dual  fuel  generators 
use  the  excess  digested  gas  to  generate  electricity,  representing 
about  37-68%  of  the  power  consumed  by  the  WWTP.  The  digested 
sludge  is  dewatered,  dried,  and  then  reused  in  agriculture.  Thus, 
there  is  an  interest  in  using  such  technology  on  a  large  scale  in 
Egypt,  especially  in  big  wastewater  treatment  plants  in  major  cities 
[33], 

4.4.  Theoretical  energy  from  municipal  solid  waste 

Energy  can  be  recovered  from  the  organic  fraction  of  waste 
through  two  methods:  (i)  thermo-chemical  conversion  by  incin¬ 
eration  and  (ii)  bio-chemical  conversion  by  anaerobic  digestion  in 
which  only  the  biodegradable  fraction  of  the  organic  matter  can 
contribute  to  the  energy  output. 

4.4.1.  Theoretical  energy  from  thermo-chemical  conversion  by 
incineration 

In  thermo-chemical  conversion  all  of  the  organic  matter, 
biodegradable  as  well  as  non-biodegradable,  contributes  to  the 
energy  output.  The  power  generation  potential  (Pgp)  and  the  net 
power  generation  potential  ( NPgp )  from  waste,  both  expressed  in 
kilowatt  hours,  have  been  estimated  using  Eqs  (3)  and  (4)  [54], 
where  W  is  the  total  quantity  of  waste  (tons),  NCV  is  the  net 
calorific  value  (k-cal/kg),  and  CE  is  the  conversion  efficiency. 


ii 

«? 

,7o“)  - w  * ncv 

(3) 

ii 

i 

Pgp  x  CE 

(4) 

In  this  study  NCV  has  been  considered  as  1200  k-cal/kg  when 
CE  is  25%  [54].  Taking  into  account  the  estimated  amount  of  solid 
waste  available  in  Egypt  in  2007,  the  power  generation  potential 
becomes  48,279  GWh  (173.8  PJ)  and  net  power  generation  poten¬ 
tial  becomes  12069.8  GWh. 

4.4.2.  Theoretical  energy  from  bio-chemical  conversion  through 
anaerobic  digestion 

In  bio-chemical  conversion,  only  the  biodegradable  fraction 
of  the  organic  matter  can  contribute  to  the  energy  output. 
In  this  case  Pgp  and  NPgp  from  waste,  both  expressed  in  kilowatt 
hours,  can  be  estimated  by  Eqs.  (4)  and  (5)  [54],  where  W  is  the 
total  quantity  of  waste  (tons),  VS  is  the  total  organic/volatile 
solids  (say  50%),  OBF  is  the  organic  bio-degradable  fraction  (approx. 
66%  of  VS),  DE  is  the  typical  digestion  efficiency  (60%),  BY  is  the  bio¬ 
gas  yield  (0.80  m3/kg  of  VS  destroyed),  CV  is  the  typical  calorific  value 
of  bio-gas  (5000  keal/m3),  and  CE  is  the  typical  conversion  efficiency 
(30%). 

Pgp  =  (^IPj  W  x  VS  x  OBF  xDEx  BY  x  CV  (5) 
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For  34.6  million  tons  of  solid  waste,  the  power  generation  potential  is 
equal  to  31864.2  GWh  (114.7  PJ)  and  net  power  generation  potential 
is  9559.3  GWh. 

From  the  previous  results  it  can  be  noticed  that  the  power 
generation  potential  value  obtained  from  solid  waste  using 
thermo-chemical  conversion  is  greater  than  that  obtained  using 
biochemical  conversion.  This  is  because  all  of  the  organic  matter, 
biodegradable  as  well  as  non-biodegradable,  contributes  to  the 
energy  output  in  thermo-chemical  conversion.  Meanwhile,  in 
bio-chemical  conversion  only  the  biodegradable  fraction  of  the 
organic  matter  can  contribute  to  the  energy  output. 

4.5.  Theoretical  potential  energy  from  biomass 

Table  7  summarizes  the  maximum  theoretical  potential  energy 
that  could  be  obtained  from  biomass  wastes  in  Egypt,  considering 
biomass  from  agricultural  crops,  sewage  sludge,  municipal  solids, 
and  animal  waste.  It  is  possible  to  conclude  that  the  total 
theoretical  energy  production  from  biomass  is  416.9  PJ,  represent¬ 
ing  92.6%  of  the  total  production  in  all  installed  power  plants  in 
Egypt  nowadays. 

Because  of  the  large  amount  of  residual  biomass  from  agricul¬ 
tural  crops  and  its  considerable  energy  content,  it  represents  the 
major  part  of  the  total  theoretical  energy  (44.6%),  followed  by 
municipal  solid  waste  (41.7%);  on  the  other  hand,  animal  waste 
accounts  for  about  9.7%  and  sewage  sludge  for  only  4.0%  of  the 
total  amount.  Due  to  the  increase  in  crude  oil  consumption  and 
decrease  in  its  production  over  the  years,  the  potential  energy  of 
agricultural  crop  residues  and  solid  waste  may  contribute  to 
decreasing  the  consumption  of  crude  oil  by  approximately  19% 
and  17.8%,  respectively,  based  on  its  consumption  amount,  which 
is  indicated  in  Fig.  2. 

Finally,  rice  straw  represents  the  most  important  agricultural 
biomass  residue  due  to  its  large  amount  and  high  energy  potential, 
accounting  for  about  61.5%  of  the  potential  energy  of  crop  residues, 
and  its  energy  can  be  recovered  in  different  forms  such  as 
bioethanol,  bio-oil,  biogas,  and  syngas. 


Table  7 

Theoretical  potential  energy  from  biomass  residues  in  Egypt. 


Biomass  type 

Theoretical  potential 
energy  (PJ) 

Percentage  of  total 
energy  (%) 

Agricultural  crop 

185.75 

44.6 

residues 

Animal  wastes  (cows  and 

40.61 

9.7 

buffalo) 

Sewage  waste  (sewage 

16.74 

4.0 

sludge) 

Municipal  solid  waste 

173.80 

41.7 

Total 

416.9 

100 

5.  Conclusions 

The  main  sources  of  biomass  waste  in  Egypt  are  agricultural 
waste  (crop  residues),  followed  by  municipal  solid  waste,  animal 
waste,  and  sewage  waste.  The  amount  of  dry  biomass  produced 
from  agricultural  crop  residues  is  about  12.33  million  tons/year, 
and  63.75%  of  this  amount  is  produced  from  rice  straw. 

According  to  the  quantity  of  biomass  waste  calculated  in  this 
study  and  its  energy  content,  agricultural  crop  residues  represent 
the  highest  value  of  theoretical  potential  energy  from  the  main 
biomass  sources  in  Egypt;  this  source  could  produce  44.6%  of  the 
total  theoretical  energy  potential.  Agricultural  crop  residues  are 
followed  by  municipal  solid  waste,  which  could  produce  41.7%  of 


the  total  theoretical  energy  potential  from  an  annual  amount  of 
34.6  million  tons.  Ethanol  production  from  agricultural  crop 
residues  is  a  feasible  option  for  second  generation  biofuel  produc¬ 
tion  in  Egypt.  Lignocellulosic  agricultural  wastes  are  cheap  renew¬ 
able  resources  and  allow  a  substantial  increase  in  fuel  ethanol 
production  capacity.  Rice  straw,  maize  residues  and  sugar  cane 
residues  are  the  most  abundant  lignocellulosic  agricultural  bio¬ 
masses  produced  in  Egypt,  and  represent  the  most  suitable 
candidates  for  ethanol  production.  In  this  study,  the  total  theore¬ 
tical  ethanol  yield  from  these  wastes  is  estimated  at  about  4837.88 
million  L/year,  with  an  energy  content  of  94.8  PJ/year,  of  which 
67.5%  of  the  energy  is  represented  by  rice  straw.  As  a  consequence, 
crop  residues,  especially  rice  straw,  would  represent  a  good 
candidate  as  a  renewable  energy  source  in  Egypt  which  could  be 
used  as  a  clean  fuel  and  would  decrease  the  dependence  on  fossil 
fuel;  its  energy  can  be  recovered  in  other  different  forms  such  as 
bio-oil,  biogas,  and  syngas. 

Finally,  buffalo  and  cow  manure  represent  the  major  part  of 
animal  waste  in  Egypt.  About  6.248  million  head  of  buffalo  and 
cows  could  produce  9.7%  of  the  total  theoretical  energy.  On  the 
other  hand,  2  million  tons/year  of  dry  sewage  sludge  accounts  for 
only  4.0%  of  total  theoretical  energy  production. 
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